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Abstract—Mixtures of Regioregular Poly(3-hexyl-thiophene) (rrP3HT) and 
multi wall carbon nanotubes have been investigated by Scanning Tunneling 
Microscopy in Ultra High Vacuum. Carbon nanotubes covered by rrP3HT 
have been imaged and analyzed, providing a clear evidence that this polymer 
self assembles on the nanotube surface following geometrical constraints and 
adapting its equilibrium chain-to-chain distance. Largely spaced covered 
nanotubes have been analyzed to investigate the role played by nanotube 
chirality in the polymer wrapping, evidencing strong rrP3HT interactions 
along well defined directions. 
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Carbon nanotubes (CNTs) have unique electronic, physical and mechanical properties1-3 that, since their 
discovery4, have generated great interest for a broad range of applications5,6. Conjugated polymers have also 
attracted attention for their potential application in organic electronic devices such as field effect transistors, 
optical devices and chemical sensors7-9. Mixtures of conjugated polymers and CNTs can form the basis 
components of new materials, including bulk heterojunction semiconductors that have been proposed for use in 
photovoltaic devices and optical sensors10,11. Strong importance is placed on the nanoscale organization of the 
polymer on the nanotube since the specifics of polymer adhesion at the interface at a microscopic level directly 
affects and enhance the physical properties of the resulting composite12,13. Adsorption of aromatic molecules on 
carbon nanotubes surface has been the object of several theoretical studies based on the significant π– π 
interaction: the resultant organization has been reported aligned along the nanotube axis14. Experimental 
evidences also showed the selective polymer wrapping on nanotubes with large chiral angle (i.e. larger than 24.5 
degrees with respect to the CNT axis)15. Extended self-organized arrangements such as single- and multi- helical 
structures have also been proposed16,17 and observed with microscopic techniques18 but the role played by the 
nanotube radius and chirality on the final structure has not been fully evidenced yet, nor has been supported with 
atomic resolved images. 
This letter reports a clear evidence of the helical self-organization of a conjugated polymer such as 
Regioregular Poly(3-hexyl-thiophene) (rrP3HT) onto multi wall carbon nanotubes (MWCNTs). The 
investigation was carried out by Scanning Tunneling Microscopy operating under Ultra High Vacuum 
conditions (UHV-STM); this technique, used previously for similar analysis19, has demonstrated its efficacy in 
visualizing nanotubes structures20.  
MWCNTs were initially dispersed in chloroform (purity 99.5%) in concentration 0.1mg/ml and sonicated 
for two hours to achieve a uniform dispersion and to unbundle nanotube clusters21. Mixtures of rrP3HT 
(Aldrich) and MWCNTs have been prepared with different weight ratios (1%-10% w/w) and in several 
concentrations (0.1mg/ml-10mg/ml). Composite mixing was achieved by using both stirring (continuously for 
several days at 50°C) and sonication (performed in stages of two hours each in order to maintain nanotubes as 
dispersion and to promote nanotube-polymer interaction). The solution was deposited by drop casting onto 
freshly cleaved Highly Oriented Pyrolitic Graphite (HOPG) and the solvent was evaporated in air. UHV-STM 
images were obtained in constant current scan mode, in forward and reverse direction, at room temperature. All 
images shown, acquired at different scales, are not filtered apart from rigid plane subtraction and Z-axis color 
palette adjustment.  
 Figure 1(a)22,23 shows a UHV-STM image of a MWCNT entirely wrapped by rrP3HT. The considered 
section shows a highly ordered, self-organized polymer structure covering the nanotube, uniformly distributed 
along the main nanotube axis for a length greater than 50nm. 
Polymer coverage originates by the adsorption of rrP3HT chains onto the nanotube surface due to the 
strong π–π interactions. The conjugated thiophene rings stack against the carbon nanotube as observed onto 
HOPG24. Upon adsorption, the interpenetration of the rrP3HT alkyl chains, oriented orthogonal to the backbone, 
assists the polymer organization. The rrP3HT structure appears to be organized into a double helix around a 
carbon nanotube core, as pictured in Figure 1(b). Three coiling angles between the polymer coating and central 
carbon nanotube main axis are indicated with α, β and γ in Figure 1(a) and are used to assess the average coiling 
angle of θ=52±2 degrees. Although the rrP3HT helical structure possesses some structural defects and helix 
deformations, the average period can be measured from the Fast Fourier Transform spectrum of the profile 
curve, reported in Figure 1(c). The presence of one, clearly distinguished peak, confirms the overall high degree 
of order of the structure and corresponds to a periodicity of a=2.51±0.15nm, that is equivalent to the semi-
period of each helix. From the measured values of a and θ, the chain-to-chain distance d, can be evaluated to 
give d=1.98±0.14nm. This results confirms that when the polymer is self assembled on the nanotube, the 
distance d increases if compared to the value obtained when it is deposited onto HOPG19. 
Considering that the measured chain-to-chain distance in the present experiment is about 20% higher than 
our previous result (d=1.68nm)19 and nearly 50% higher than values found for rrP3HT self-organization onto 
HOPG, we observe that this extension could be the result of a geometrical constraint due to the regularity of the 
equally-spaced helical structures formed. To assess this, we analyze Figure 2(a), which shows a section of the 
same nanotube, obtained with a zoom-in operation in the rectangle indicated in Figure 1(a). The average profile 
(acquired on lines α and β) of the polymer coiled section results 2.10±0.10nm high, while the inter-chain 
distance, measured on the line γ results d=1.81±0.10nm, matching locally the average result obtained for the 
whole structure. 
According to the geometrical model introduced by Coleman et al.16 and reported in Figure 2(b), the 
polymer helical structure lies on a cylindrical surface with a circumference of 2πR, where the coils period 2a is 
related to R by the following equation: 
θ
π
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Here R is the radius of the coiled nanotube and θ is the coiling angle. Substituting the measured values we 
obtain a=2.57±0.35nm. This value is in good agreement with the helix semi-period of 2.51nm extracted from 
the profile analysis. Hence, we can assert that the polymer organizes itself into a regular double helical structure 
with equally-spaced coils, where the chain-to-chain distance is regulated by the coiling angle and the diameter 
of the nanotube. 
To further investigate these aspects and to explore the possible role played by the nanotube chirality on the 
coiling angle, we imaged a partially covered nanotube reported in Figure 3(a). In this image, the rrP3HT 
structure on the nanotube surface is widely spaced and the underlying nanotube structure can be easily seen 
between the polymer formations.  
From the analysis of the cross section, the diameter of the bare nanotube is 1.19±0.10nm. The nanotube 
chirality is evaluated from the high pass filtered zoom-in image in the area indicated of Figure 3(a), reported in 
Figure 3(b). The carbon atoms placed alternately and aligned at a constant distance of 0.23nm, demonstrate that 
the nanotube (or its most external shell) has a zigzag chirality with index m=15±1. The polymer stacking 
distance is found to be 0.36nm24.  
As can be observed in Figure 3(a), the polymer self-organized structure in this case is an irregular helix 
where the cylindrical symmetry is lost due to the variation of the coiling angle. A proposed self-assembled 
polymer structure has been mathematically generated and reported in Figure 3(c). In the proposed model, 
although the long range order is less evident than for the structure presented in Figure 1(a), it still presents a 
regularity and a pseudo-period, as the repetition of different coiling indicated with 1) and 2) can be identified in 
the Figure 3(a).The part of the structure marked with 1) along the nanotube, presents an adhesion on the 
nanotube surface along a direction forming an angle of 33±1degrees with respect to the nanotube main axis, as 
highlighted by the angles α and β reported in Figure 3(d). 
Considering that on a zigzag nanotube, neglecting the effect of the nanotube curvature, the contiguous 
carbon hexagonal cells are oriented along two main directions with respect to the nanotube axis (90 and 30 
degrees), we can infer that the polymer adsorption on the nanotube is strongly influenced by the nanotube 
chirality. This remarkable result on the rrP3HT self-organization, clearly evidences a strong and preferred 
interaction along established directions due to the π–π bonds. The role of chirality in the polymer-wrapping 
process was previously suggested for Poly[(m-phenylenevinylene)-co-(2,5-dioctoxy-p-phenylenevinylene)] 
(PmPV) by McCarthy et al.25 but here we support this by clear UHV-STM images showing both the nanotube 
structure and the polymer coils. It is also confirmed that a coiling angle θ different from zero can be 
energetically favored in nanotubes with certain chiralities26 as evidenced by Figures 3(a, d). The hypothesis of 
the chirality-driven adhesion on carbon nanotubes is also supported considering that rrP3HT can be considered a 
flexible polymer since the persistence length values are in the range Lp=2.4nm27. It has been reported that rigid 
polymers like PmPV (Lp=10nm) show preferred coiling angles related to the minima of their coiling energy, 
while soft polymers such as polyacetylene (Lp=1.3nm) show no-preferential direction and can be more easily 
curved16.  How the rrP3HT molecules interaction with the nanotube may be affected by the nature of the 
nanostructure (metallic or semiconducting) is an open question and will be the subject of future work.  
In summary, we have reported a detailed experimental evidence of the rrP3HT helical wrapping on carbon 
nanotubes by atomically resolved UHV-STM images. We have confirmed that the wrapping is constrained by 
the coiling angle and the nanotube diameter, causing an extension of the polymer chain-to-chain distance when 
compared to rrP3HT deposition onto HOPG. We have demonstrated that the coiling angle is affected by the 
nanotube hexagonal cells alignments, by showing the polymer formations and the underlying nanotube. Our 
result highlights the fundamental role played by the carbon nanotube chirality in the interaction with rrP3HT. 
The structural arrangement is expected to have also consequences in the electrical behavior of the local p-n 
heterojunction. A detailed analysis of Scanning Tunneling Spectroscopy measurements acquired on these 
samples is in progress to elucidate this point.  
 
 
 
 
Figure 1. (a) Unfiltered STM image of a MWCNT covered by rrP3HT self-organized into a coiled structure. 
Image acquired using a bias voltage V=-500mV and a current I=350pA. The scale bar measures 12nm; the 
angles indicated with α, β and γ result 52, 52 and 54 degrees respectively. The rectangle indicates the zoom-in 
area used to generate Figure 3. (b) Schematic representation of a double helical structure with coils equally 
spaced at a distance a. (c) FFT power spectrum calculated from the profile line traced along the main axis of the 
nanotube. The peak reveals an average period of a=2.51nm. (Inset) A schematic representation of rrP3HT 
chains interpenetrating at distance d. 
 
Figure 2. (a) Zoom-in image of the square zone indicated in Figure 1(a). The nanotube dimension have been 
measured along the lines α and β. The diameter of the polymer coils is 2R=2.10nm. (b) The simple geometrical 
model relating the coiled nanotube with radius R, the coiling angle θ and the helix period 2a. 
Figure 3. (a) STM image of a partially rrP3HT-covered carbon nanotube. Image acquired using a bias voltage 
V=-500mV and a current I=350pA. (b) High pass filtered image in the zone indicated by the white dashed-line 
square. The hexagonal cells are reported to highlight the nanotube structure. The distance between the lines is 
0.23nm. (c) Mathematical model added for comparison. (d) STM image of the polymer covered carbon 
nanotube. Two angles α and β are used to evidence the preferred direction on which the polymer is aligned on 
the nanotube surface. Line γ is used to show the pseudo-period of the structure that results 5.58nm. (e) (15,0) 
Zigzag nanotube with 30 degrees inclined carbon hexagonal cells alignments highlighted, reported for 
comparison. 
1 T. Durkop, S. A. Getty, E. Cobas, and M. S. Fuhrer,  Nano Letters 4 (1), 35-39 (2004). 
2 J. W. G. Wildoer, L. C. Venema, A. G. Rinzler, R. E. Smalley, and C. Dekker,  Nature 391 (6662), 59-
62 (1998). 
3 M. F. Yu, B. S. Files, S. Arepalli, and R. S. Ruoff,  Physical Review Letters 84 (24), 5552-5555 
(2000). 
4 S. Iijima,  Nature 354 (6348), 56-58 (1991). 
5 T. Rueckes, K. Kim, E. Joselevich, G. Y. Tseng, C.-L. Cheung, and C. M. Lieber,  Science 289 (5476), 
94-97 (2000). 
6 S. Chopra, K. Mcguire, N. Gothard, A. M. Rao, and A. Pham,  Applied Physics Letters 83 (11), 2280-
2282 (2003). 
7 C. Piliego, M. Mazzeo, M. Salerno, R. Cingolani, G. Gigli, and A. Moro,  Applied Physics Letters 89 
(10), 103514-103513 (2006). 
8 D. Chen, H. R. Fetterman, A. Chen, W. H. Steier, L. R. Dalton, W. Wang, and Y. Shi,  Applied Physics 
Letters 70 (25), 3335-3337 (1997). 
9 D. T. Mcquade, A. E. Pullen, and T. M. Swager,  Chemical Reviews 100 (7), 2537-2574 (2000). 
10 E. A. A. G. A. J. Kymakis,  Applied Physics Letters 80 (1), 112. 
11 B. Pradhan, K. Setyowati, H. Liu, D. H. Waldeck, and J. Chen,  Nano Letters 8 (4), 1142-1146 (2008). 
12 M.-C. Wu, Y.-Y. Lin, S. Chen, H.-C. Liao, Y.-J. Wu, C.-W. Chen, Y.-F. Chen, and W.-F. Su,  
Chemical Physics Letters 468 (1-3), 64-68 (2009). 
13 J. N. Coleman, M. Cadek, R. Blake, V. Nicolosi, K. P. Ryan, C. Belton, A. Fonseca, J. B. Nagy, Y. K. 
Gun'ko, and W. J. Blau,  Advanced Functional Materials 14 (8), 791-798 (2004). 
14 S. Gotovac, H. Honda, Y. Hattori, K. Takahashi, H. Kanoh, and K. Kaneko,  Nano Letters 7 (3), 583-
587 (2007). 
15 F. Chen, B. Wang, Y. Chen, and L.-J. Li,  Nano Letters 7 (10), 3013-3017 (2007). 
16 J. N. Coleman and M. S. Ferreira,  Applied Physics Letters 84 (5), 798-800 (2004). 
17 M. J. O'connell, P. Boul, L. M. Ericson, C. Huffman, Y. H. Wang, E. Haroz, C. Kuper, J. Tour, K. D. 
Ausman, and R. E. Smalley,  Chemical Physics Letters 342 (3-4), 265-271 (2001). 
18 Y. K. Kang, O.-S. Lee, P. Deria, S. H. Kim, T.-H. Park, D. A. Bonnell, J. G. Saven, and M. J. Therien,  
Nano Letters 9 (4), 1414-1418 (2009). 
19 R. G. S. Goh, N. Motta, J. M. Bell, and E. R. Waclawik,  Applied Physics Letters 88 (5), 053101-
053103 (2006). 
20 L. C. Venema, V. Meunier, P. Lambin, and C. Dekker,  Physical Review B 61 (4), 2991 (2000). 
21 M. J. O'connell, S. M. Bachilo, C. B. Huffman, V. C. Moore, M. S. Strano, E. H. Haroz, K. L. Rialon, 
P. J. Boul, W. H. Noon, C. Kittrell, J. Ma, R. H. Hauge, R. B. Weisman, and R. E. Smalley,  Science 
297 (5581), 593-596 (2002). 
22 I. Horcas, R. Fernandez, J. M. Gomez-Rodriguez, J. Colchero, J. Gomez-Herrero, and A. M. Baro,  
Review of Scientific Instruments 78 (1), 013705-013708 (2007). 
23  Note: Polymer 3D structure generated with Archim v2.1. www.archimy.com. 
24 E. Mena-Osteritz,  Advanced Materials 14 (8), 609-616 (2002). 
25 B. Mccarthy, J. N. Coleman, R. Czerw, A. B. Dalton, M. I. H. Panhuis, A. Maiti, A. Drury, P. Bernier, 
J. B. Nagy, B. Lahr, H. J. Byrne, D. L. Carroll, and W. J. Blau,  Journal of Physical Chemistry B 106 
(9), 2210-2216 (2002). 
26 C. Wei,  Nano Letters 6 (8), 1627-1631 (2006). 
27 B. Kraabel, D. Moses, and A. J. Heeger,  The Journal of Chemical Physics 103 (12), 5102-5108 (1995). 
 
 



